Automation of industrial activities aims to improve the efficiency of the productive processes while reducing costs and increasing safety. In industrial laundries, detergent management is a key factor that can lead to severe economic and environmental impacts if left uncontrolled. This paper documents the solution devised for an integrated detergent control and supervision system based on Internet-of-Things paradigms. This solution follows from a problem put forward by the laundry services of Santa Casa da Misericórdia de Bragança, located in Portugal, to the Polytechnic Institute of Bragança. In order to keep track of the detergent in a centralised dispensing system, a Wi-Fi based measurement system was developed which enables real-time monitoring of the chemicals level. In order to facilitate the physical installation of the developed hardware, a custom-made enclosure was designed and 3D printed. The acquired data is then sent to a database connected to a data processing web-based platform which is responsible for the analytics.
INTRODUCTION
In the past few decades, the pressure for the companies to become increasingly competitive has grown. The demand of customized products, alongside with the decreasing product life-cycles, is making the industry to change its production paradigm [1] . These conditions, combined with the actual level in information technology, led to the emerging of a new industrial reality designated by Industry 4.0. This new stage of the manufacturing evolution aims to integrate intelligence in the production processes by adding physical objects, with embedded software and computing power [2] . These changes in the actual manufacturing model are also articulated with the emergence and development of Internet-of-Things (IoT) technologies. The technology behind IoT allows data collection from virtually any point along the production chain. This increase in information is changing the managing processes towards an effective lean manufacturing standard. The underlying concepts of Industry 4.0 are not only applicable exclusively to large industrial units. On the contrary, this new paradigm has been spreading to the entire business fabric regardless of its size. The work described throughout this document confirms this statement by providing the solution devised for an industrial laundry facility installed at the Santa Casa da Misericórdia de Bragança (SCMB), Portugal which is a private, non-profit charity institution that operates in multiple areas of social action such as health and the elderly. The actual detergent control system installed on its laundry unit is unable to cope with the operating conditions required for proper management. Due to the fact that no actual commercial product is available to solve their problem, they have challenged the Polytechnic Institute of Bragança (IPB) to devise a solution.
Knowledge transfer, from academia to the community, is a very important mission carried out by IPB leading frequently to solutions that have a very positive impact in the local businesses. For this reason, the challenge was accepted and a complete custom-made integrated detergent management system was developed. The system is composed by a set of measurement nodes (motes) installed on the detergent supply barrels which communicates, through WiFi, with a web server. The motes are threaded to one of the two outlets of the barrels by means of a custom-made enclosure which was designed and then 3D printed. The current detergent level, at each supply unit, is measured using a low-cost ultrasonic sonar and the data is sent to a MySQL database. These data will then be used to compute several analytical figures such as the amount of detergent spent, its historical tendency, prediction regarding the expected depletion time and alerts generation, just to name a few.
In the following sections, technical details regarding each one of the developed modules, will be provided leading to the following article structure: Section II will describe in more detail the proposed problem and its requirements; Sections III and IV will be devoted to present the hardware component of the system architecture. Then, in Sections V to VII, the method used for liquid level detection will be described. Section VII deals with the hardware enclosure design solution and Section VIII describes the database structure. Section IX provides an overview on the actual functionalities provided by the web-based application platform. This article ends with Section X where the final remarks and future work will be presented. https://www.degruyter.com/view/j/cjece III. PROBLEM DESCRIPTION The SCMB' laundry facility consists of a dozen of industrial washing machines each with a dry weight capacity of around 50 kg. The detergent and remain chemicals needed for the washing cycles comes from a centralised dispensing room. Here, detergents, bleaches and softeners in liquid form, are stored in reservoirs with a capacity of 200 litres and driven to the washing machines via a peristaltic pump system. Fig. 1 illustrates the actual setup. In Fig. 1(a) , two of the reservoirs are shown and Fig. 1(b) present the set of peristaltic pumps together with their control system. The state of each pump is controlled by a proprietary hardware system based on the information provided by the washing machines and a set of liquid level probes submerged in the detergent barrels. At a given time instant, the information about which type of liquid is required by a particular machine, is provided by a set of output relays accessed from the machine backside. Moreover, the level probes just provide binary information regarding the reservoir's emptiness. Notice that the individual state of each machine cannot be controlled by the actual detergent delivery system. Hence, when a given detergent product ends, the washing machine carries on its washing cycle. This will lead to a quality degradation of the cleaning process implying the repetition of the cycle in order to meet the expected washing standards. The need of those repetitions, even if not frequently occurring, has severe economic, operational and even environmental implications. On one hand, the additional electric energy spent, the machine occupation time and extra detergent doses. On the other, the delay caused by the execution of a new washing cycle and the increase in water consumption which is a sever environmental issue at the present time. Because of those problems, coupled with supplementary system limitations such as the fact that it does not allow remote access to the current state of the reservoirs, the solution to be developed should have the following set of requirements: able to measure the actual volume of detergent in the barrels; generate alerts in case this volume is not enough to allow the currently scheduled washes; allow remote access to the system state from a smartphone or other handheld device connected to the local network; be able to keep track of the detergent consumption profile and provide additional management analytic figures. Due to those requirements, a system architecture based on IoT measurement nodes was devised. The next section will deal with the technical details regarding the hardware architecture and the data storage and processing.
IV. OVERALL SYSTEM ARCHITECTURE
In the previous section, a detailed description of the problem was provided along with the set of requirements that the new solution must meet.
From a technological point-of-view, some of the concepts behind the modern Industry 4.0 paradigm could be used to ensure optimal washing results, low running cost and increasing reliability. For example, the inclusion of a smart sensing and supervision layer over the existing laundry physical setup. This added technology, supported by an effective logistics and management, will be fundamental in order to keep a sequence of events flowing, making that all necessary resources will be at the right place at the right time in the right quantity and at the right quality and cost [3] .
In order to fulfil the required system conditions, the data acquisition and processing architecture presented in Fig. 2 was formulated. In this layout, a measurement node (mote) will be installed on each HDPE barrel currently under operation. Those nodes will connect, via IEEE802.11b, to a local access point. Due to the low bandwidth required by each mote, the system can scale up to 250 sensor nodes before reaching the access point limit. The integration of a measuring node with a detergent barrel result into cyberphysical device capable of autoawareness regarding its current status. It is able to sense changes in the detergent level and send this data to a webserver. This information will be stored into a database and will be used to compute the required analytics, generate reports and warning flags. It is also possible for smartphones, computers or other handheld devices to log into the server and access the actual system status.
The next three sections will detail the detergent level measurement system, the internal structure of the measurement nodes and the strategy adopted for their integration into the layout of the existing detergent dispensing room.
V. MEASUREMENT NODES HARDWARE
The purpose of this section is to describe the hardware used to build each measurement node. As can be seen from Fig. 3 , each IoT measurement node relies on three modules for keeping its operation: an ultrasonic range measurement module, a 32-bit system-on-chip (SoC) device and a power supply unit. The power supply unit is composed of a lithiumhttps://www.degruyter.com/view/j/cjece ion (Li-Ion) battery, a battery charging and supervision module and a buck-boost DC-DC converter.
The battery used in this prototype have the standard geometry of an 18650 cell and is specified as having an open circuit voltage of 3.7 V, a capacity of 2600 mAh and a maximum discharge current of around 5 A. This battery can be charged, using an off-the-shelf 5 V power supply, through a battery charging module. This module is built around the TC4056A chip which integrates several features such as electrical current supervision, under-voltage lockout and automatic recharge. Moreover, it also prevents the battery of over-discharging by turning it off if the voltage drops below 2.4 V. The power supply unit outputs a regulated voltage of 5 V which is generated from the 3.7 V delivered by the battery cell through a buck-boost DC-DC converter. The module selected to handle this task is able to deliver a maximum current of 600 mA with an output voltage ripple lower than 1 %.
The wireless communication, local data processing and acquisition is handled by a NodeMCU development board which is built around an ESP32 SoC. This device was developed by Espressif Systems and integrates a Tensilica Xtensa LX6 CPU with a clock frequency that can reach 240 MHz. Three main reasons have converged to make this device suitable for the current application: the integration of a WiFi transceiver, its ultra-low power consumption and price.
The information regarding the current detergent level inside the reservoir is obtained using a US-015 sonar module. The power consumption of this module is around 10 mW and requires a supply voltage of 5 V. The measurement range of this sensor module extends from 2 cm to 4 m. Further details regarding its working principle will be provided in the next section. Since the sonar working voltage is different from that of the NodeMCU, a logic level shifter must be used to convert the 5 V amplitude signal that comes from the sonar into 3.3 V for the microcontroller and vice-versa. The electronic schematic of the mote is presented in Fig. 4.   Fig. 4 . Electronic circuit schematic.
As can be seen, the trigger pin of the ultrasonic sensor is connected to General Purpose Input/Output Interface (GPIO) with number D15. On the other hand, the echo pin is connected to GPIO number D4. Both connections are made through the logic level converter buffer.
Level measurement of the detergent inside the barrels is a fundamental component of the system. Be able to accurately determine the current value of the available washing products will have a severe impact on the overall system performance. For this reason, the following section will be devoted to describe the measurement method adopted.
VI. DETERGENT LEVEL MEASUREMENT METHOD
Liquid level measurement plays an important role within the devised supervisory IoT based system. For this reason, this section is devoted to describe the measurement method used and its working principle.
The measurement of the current barrel's capacity could be made using several distinct strategies. Most of them will rely on indirect measurement of the available detergent. For example, the barrels could be positioned over a weight scale then, knowing the detergent volumetric density, to infer the available capacity with its weight. However, this approach requires the proper positioning of the barrels, with more than 200 kg of weight, each time a replacement must be made. For this reason, a distinct measurement method based on an ultrasound sonar was considered. As can be seen from Fig. 5 , on the barrel' top there are two threaded openings. One of those opening will be used for the actual system of hoses and level probes. The other will take the newly devised IoT based ultrasonic level measurement system. The system illustrated by the block diagram of Fig. 3 will be fitted into a custommade enclosure that will thread in the second opening of the barrel. Details regarding the structure of this enclosure will be present in the next section. The main purpose of this threaded box is to place the ultrasonic sensor in a position that ensures it can send and receive ultrasonic waves without interference, principally from the plastic drum barrel's wall. Moreover, it facilitates the device changing procedure from an empty barrel to a filled one. In Fig. 5 , the variable L represents the height of the liquid and H the height of the barrel or, to be more precise, the height of the ultrasonic sensor relatively to the reservoir. The distance between the sonar and the liquid's surface is calculated using the Time-of-Flight (ToF) method. This distance measurement method is very common within ultrasonic transducers and it is based on the time propagation of the ultrasound wave [4] . An ultrasound wave burst is emitted by the sonar and reflected back to an obstacle placed along the wave front. Knowing the speed of the sound in the medium and the time elapsed between the sent and received signal, it is possible to compute the distance between the sonar and the obstacle [5] . Hence, the distance D between the sonar and the target is computed from:
where is the ToF of the ultrasonic pulse given in seconds and is the speed of sound in air given expressed in meters per second. The value of depends on the air temperature according to:
√ (2)
where denotes the absolute temperature in kelvin.
As mentioned in [4] , the air moisture also affects the speed of the sound wave in air. However, at a room temperature of 20 ºC, its impact is just around 0.15%. For this reason, measurement compensation due to air moisture was disregarded during the present work. Another consideration which must be taken into account is the wave's propagation path [6] . As can be seen for Fig. 6 , due to the sonar's geometry the distance between the sensor and the obstacle requires to find the height of an isosceles triangle. Fig. 6 . Geometric representation of the sound wave path emitted and reflected by an obstacle (adapted from [6] ).
For the present prototype, the US-015 sonar was considered. This device is manufactured by Synacorp Technologies and, regarding the geometry of Fig. 6 , the distance b is equal to 2.3 cm which leads to the following distance measurement equation with both and measured in centimetres. Considering the barrel as a regular cylinder, the liquid volume can be estimated by:
where V is the actual liquid volume measured in litres, is the barrel diameter expressed in centimetres and the barrel's height also in centimetres. Notice that, since the barrel is not a perfect cylinder, ⁄ is not constant. However, the average volume error is lower than 5% if (4) is employed to compute the instantaneous volume of remaining liquid.
The following section will present the experimental data obtained with this sensor and characterize the metrological behaviour of the sonar.
VII. SONAR MEASUREMENT BEHAVIOUR
In order to characterize the sonar accuracy and repeatability, the device was used to acquire 1000 samples over a target object placed at three distinct distances: 10 cm, 50 cm and 90 cm. It is worth to notice that all the tests were performed in a controlled environment where the temperature was kept constant. The results collected from the samples are presented in Table 1 . The first column represents the samples mean, the second the standard deviation, the third the systematic error ( ) and the fourth the relative error ( ). As can be noticed, for longer distances, the samples have higher standard deviation values. Moreover, shorted distances exhibit larger relative errors. In order to characterize the stochastic measurement component, 15 samples were randomly selected from the available samples. Assuming a 95% confidence interval, the measurement samples can be decomposed by [11] :
where is the number of samples and is the repeatability which is defined as, (6) in which is the Student's t distribution. Therefore, for 15 samples, the Student's-t table delivers a value of 2.14 for 14 degree of freedom and 95% confidence interval. Thereby, it is possible to estimate the system repeatability and define the stochastic component as demonstrated in Table 2 . Table 2 . Result using a confidence interval of 95 %.
From the results it can be noticed that, for distances over 50 cm, there is a 95 % of confidence that the measurement values are within 0.03 cm. Already for the distance 10 cm, the range is shorter, presented a range of values within 0.01 cm. These degree of accuracy and repeatability is way higher than required in the actual detergent supervision application which justifies the choice of this sonar as the backbone of our measurement system. It is worth to notice that, using this average filtering technique, the system requires a total time of 2.6 seconds to take the readings from the detergent's liquid surface. However, due to the system time constants, this https://www.degruyter.com/view/j/cjece processing time is within the required measurement system bandwidth.
It is important to highlight that, one of the design constraints, is to produce a non-invasive measurement system, physically robust and able to be easily switched from one empty barrel to a full one. Those conditions had led to the development of a custom hardware enclosure which will be detailed during the next section.
VIII. ENCLOSURE DESIGN
This section deals with the solution devised for the IoT hardware enclosure. For prototype and proof-of-concept, the case was designed using SolidWorks ® software and them 3D printed using PLA filament. The case can be viewed and having two parts. One is a threaded cap which will hold the sonar sensor and the other is a regular box where all the electronic modules will be fitted. Starting with the screw thread, by manually performing the measurements of diameter, pitch and thread shape using a digital calliper, the 3D body illustrated in Fig 7 was designed.   Fig. 7 . Overview of the threaded cap designed where, in (b), it is possible the view the sonar accommodation place.
Then, using a Fusion3 F400 3D printer, the threaded cap was printed using PLA filament. The final result can be seen on Fig. 8 . After fine tuning the dimensions of the threaded cap, the complete hardware enclosure case was designed. The image from Fig. 9 present two views of the final solution. As can be seen, two access openings are available: one for the NodeMCU and the other for the battery module charger. In the middle, a switch button is placed for turning the device on and off. In the side view, the openings for the onboard LEDs are made visible. Those LED will be responsible for showing the current system status such as if the device is powered up and if a liquid level warning is currently active. Fig. 10 and the final 3D printed model, with the hardware already embedded in the enclosure, can be viewed in Fig. 11 .
After describing the hardware related to this project, the next two section will be intended to describe the information processing and data storage platform.
IX. DATABASE DEVELOPMENT
This section will describe the structure of the database and the APIs responsible for allowing the communication between the client and the data server. It is worth to notice that the source codes developed and described in this section can be downloaded at [7] . A three-tier server architecture, as presented in Fig. 12 , was used in this project. The Tier 0 represents the client side, which can be any machine with user capabilities and local processing. Tier 1 is responsible for enabling the connection between the client and the server through HTTP protocols programmed in PHP. Lastly, the server side is represented by the Tier 2, which contains both the hardware and software responsible for the data storage [8] . https://www.degruyter.com/view/j/cjece Fig. 12 . Logical three-tier client/server architecture (adapted from [8] ).
After defining the database logical structure, the server architecture, illustrated in Fig. 13 , was devised. As can been seen, the APIs allow the users to access the database content, dynamically and interactively, through the HTML web pages.
The laundry managements can access the database content by logging into a website whose structure is presented in Fig 14. The communications are done by using HTTP protocols, mostly through the GET and POST methods and the server's response is in JSON format [9] . Details regarding this webpage will be provided in the next section.
X. WEBSITE STRUCTURE
In this section, some of the services provided by website will be described. In this website, all the graphs were implemented using the Google Chart API, which is a powerful free service. In Início (Start), it is possible to check the actual reservoir capacity and current status. It also presents the predictions regarding the time estimated for full depletion of a particular detergent. Fig. 15 illustrates this functionality. The predictions are made using the secant numerical method [10] and are provided by a custom-made PHP API. The information is update by using AJAX technique, which asynchronously requests the server to refresh a portion of the browser display, instead of loading the entire web page [10] . This feature makes the webpage information to be dynamically updated. Many more functionalities and data analytics are available. For example, in Status option, the customer has access to the last measurement values such as the raw sensor distance, the estimated barrel volume, the remain capacity and current time-stamp. On the other hand, Histórico (Historical) allows the user to navigate through the whole database content, enabling sort and search. The lefthand side image of Fig. 16 presents the Status window and the right-hand side the Historical data.
XI. CONCLUSIONS
This paper describes the technical solutions to solve a realworld problem regarding the management of detergents for an industrial laundry room. An IoT approach was taken leading to the development of a hardware measurement node and a data analytics and storage web-based application. This application strongly relies on several PHP APIs which demonstrates to be efficient, capable of efficiently read large volumes of data. Moreover, the use of AJAX enables a smooth match with the IoT hardware enabling the web application to dynamically respond to data changes transmitted by the motes. The devised solution does not require any modification on the existent layout at the laundry facility and it behaves like an easily scalable plug-and-play solution. Future system improvements will be made toward encryption and data security. For example, resorting to API protection such as REST or SOAP. Moreover, more robust materials must be considered to increase the enclosure mechanical robustness.
